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INTRODUCTION
One of the most exciting results recently obtained in laserplasteraction experiments is
the observation of very energetic beams of ions produced from thedlimdoils. In a
number of experiments, performed a few years back with diffdaset systems and in
different interaction conditions, protons with energies up to sevenal @é MeV were
detected behind thin foils irradiated with high intensity pulses [i$ fEmarkable degree of
beam collimation, high cut-off energy and emission along the normal to tireadmated
rear surface of the target distinguished these beams fromr lemergy, more isotropic
protons observed in earlier work at lower laser intensity witér lpalses in the nanosecond
and tens of picosecond regime. Since the first observations, aorditesy amount of
experimental and theoretical work has been devoted to the study of #m'sbe
characteristics and production mechanisms. This work has been motivated by the exceptiona
accelerator-like spatial quality of the beams [2], their @ageoduction and by other unique
properties, leading to their possible use in a number of groundbreakinga#ippk. One of
such applications is particle probing of plasmas for detection dfriel@and magnetic fields
with high temporal and spatial resolution, in the proton imaging and teflety
arrangements [4].

The mechanism leading to the acceleration of the multi-MeV protam$drom
laser-irradiated foils has been object of discussion sincertfieexperimental observations.
During the interaction with the front surface plasma, high-interasgrlipulses transfer their

energy via a number of processes to a population of hot electrons, avkiclet in motion
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along the laser propagation direction. The space-charge forcedcduys the electron
displacement can accelerate the target ions (with mosieoériergy transferred to protons,
generally present in every type of target as surface impurities) thin foils the most
effective acceleration is predicted to take place at theettaegr surface, where escaping
electrons are retained by target charge-up and create a Delayle EjeFor intensities in
the 13° Wicnt regime, peak accelerating electric fields larger thdf\n are predicted to
take place. The shape of the sheath will be strongly dependeme gpdtial distribution of
the electrons reaching the rear of the target. The ion ado@heprocess can be treated as
the expansion of a plasma into vacuum [6, 7] driven by a population olelstioas. Recent
theoretical work has studied the evolution of the electric fieidng the plasma expansion
using self-similar models. In experiments, the spatial and texhgwhaviour of the
accelerating fields has up to now been inferred from heavy ion spectra [8]. Wehexgooh
an experiment which has studied the spatial and temporal chatadefshe electric field
accelerating ion from the rear of a laser-irradiated thih froton imaging and proton
deflectometry techniques were employed as diagnostics in this experiment.

EXPERIMENTAL METHODSAND RESULTS
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Fig. 1. Experimental set-up.

In proton imaging and proton deflectometry the proton beam acceleratamtusing an
ultra-intense and short CPA laser pulse onto a foil target (pratgat} is used as a charged
particle probe to detect electric and magnetic fields geneirathe interaction of a second
laser pulse with a second target (interaction target). ABkatthe experimental set-up for
the experiment presented here is shown in Fig.1 (as explained beldws ipatticular
experiment a second proton beam was also accelerated from trectiate target and

detected). The technique exploits the fact that the proton souhile, being physically
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extended, is highly laminar and so practically equivalent to aaligoint source. A point
projection scheme is then realised in which a magnified proton iwfathe region around
the interaction target is obtained with a spatial resolution of djfpiéew pm. A stack of
several layers of radiochromic films (RCF) is employed toadete protons. The multilayer
arrangement of the detector, combined with the broad spectral cohtdet proton beam,
provides a temporal multi-frame capability. Thus the evolution avange of several tens
of ps of fast phenomena taking place at the interaction target can be recordedjie @ser
shot with typically ps time resolution. In proton deflectometry aogkésimodulation is pre-
imposed on the proton beam cross section by inserting a metal mestemahe proton
source and the interaction target. Deflections undergone by the pratonkecdirectly
measured from the deformations of the periodical pattern in thenpdeflectometry data. A
map of the fields can be obtained if cylindrical symmetry lmarassumed (or if more than

one probe proton beam is employed).

Fig. 2. Proton images (first 4 pictures) and deflectogrdast picture) of the expanding front. In the
first image a modulation in the proton density doi@ short living electric field is visible. The
deflectogram is taken in a different shot and shthe&son-zero electric field behind the front.

The experiment was carried out at the LULI laboratory (Ecoleyt@dinique,
France). A first CPA laser pulse was focused onto a 10 pok g¢iuild foil (proton target) at
an intensity exceeding 1DW/cnt in order to accelerate a proton beam. The proton beam
was used as a back-lighter for the rear surface of a secor(thferiaction target, 10 to 40
pm thick aluminium or gold) on which a second CPA pulse was focusal iatensity of
the order of 18 Wicn?. The relative delay of the two CPA pulses, and so the proton
probing time, could be changed from shot to shot and varied with ps preciEie
interaction target was chosen to be bent in order to minimisefféne of global charge-up
which has been observed in previous experiments with highly energeticpGBés and
which would have prevented from probing close to the target surface. A second stack of RCF
was placed after the interaction target in order to detectnwatecelerated in the interaction

with the second CPA pulse.
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A well defined front, expanding with a velocity of few®i@n/s from the rear surface
of the interaction target, was observed in proton imaging and defldcyodsa (Fig.2).
Moreover a region with an almost constant electric field behindedpanding front is
observed in proton deflectometry data. A multi-MeV proton beam isd&tected which is
accelerated from the interaction target. Good agreement is fouwddrethe value of the
high energy cut-off for the protons accelerated from the interatairget and the equivalent
proton energy calculated from the front expansion velocity. A modulationeirptbton
density is observed in proton imaging data around the peak of the interatien.
modulation corresponds to a short living electric field localizetheback of the target and
appearing just before the front starts expanding. From experimetdalhgapeak value of
the field can be estimated to be of the order 8f\len. Since the global charge-up of the
target prevents from probing in the highest field region, the apaaM value is expected to
exceed the measured value.

1-D PIC simulations of the problem of plasma expansion into a vachow results
qualitatively resembling the experiment. A peak in the electld fs observed at the initial
steps when the electrons escaping from the plasma slab have rezched the equilibrium
with the ions and charge neutrality is substantially violatedhiststage the ions have not
moved yet. At later times, after the ions start moving, quasi-rigytsarecovered and the
electric field peak, which advances together with the ion front, pgsiyedy decays. As in

the experiment a region of almost constant electric field is observedilibhiion front.
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